Situs inversus totalis (SIT), a complete left-right mirror reversal of the visceral organs, is usually described as a recessive disorder. SIT can occur with Primary Ciliary Dyskinesia (PCD). However, most people with SIT do not have PCD, and the etiology of their condition remains poorly studied. Those without PCD may have an elevated rate of left-handedness, implying developmental mechanisms linking brain and body laterality. We sequenced the genomes of 15 people with SIT, of which six had PCD, and 15 controls. The SIT subjects with PCD all had likely recessive mutations in genes already known to cause PCD. Two non-PCD SIT cases also had recessive mutations in known PCD genes, suggesting reduced penetrance for PCD in some SIT cases. One non-PCD SIT case had a recessive mutation in PKD1L1, which has previously been linked to SIT without PCD. However, six of the nine non-PCD SIT cases, including most of the left-handers in this dataset, had no obvious candidate genes or significant pathways affected by the mutations that they carried. While we cannot exclude a monogenic basis, more complex genetic models must also be considered, as well as environmental influences or random effects in early development.
Main text
Roughly 1:6,000-8,000 people have SIT (1) . SIT is classically described as a recessive genetic condition (2) , which can occur alone or in combination with Primary Ciliary Dyskinesia (PCD), a recessive disorder which involves mutations that disrupt motile cilia (1) . Cilia within an early embryonic structure called the 'node' normally generate a leftward fluid flow, which helps to create the left-right body axis, but often people with PCD have SIT, presumably due to disrupted left-right axis formation when the nodal ciliary mechanism does not work. The combination of SIT with PCD is known as Kartagener syndrome, and is seen in 20-25% of SIT cases (3) . Nonetheless, the majority of SIT cases (75-80%) do not have PCD (1) . Few genes have been reported to be involved in SIT without PCD, and some genes that have, can also cause partial disruptions of visceral laterality, known as Heterotaxy or Approximately 85-90% of people are right-handed, and this is not altered in Kartagener's syndrome (9) , implying a developmental dissociation between brain laterality for handedness, and nodal-ciliary visceral patterning. Consistent with this, Vingerhoets et al. (10) studied fifteen people with SIT, six of whom had Kartagener's syndrome, and found that only one with Kartagener's was left-handed: however, at least five of the nine SIT cases without PCD were left-handed. Although based on a small sample, this suggests developmental mechanisms which might link handedness and visceral laterality, but independently of genes involved in PCD. A study based on common genetic variation also reported a possible link between a continuous measure of left-versus-right hand motor skill and genes involved in visceral laterality (11), although the sample size was limited for complex-trait genome-wide association analysis.
Here we performed whole genome sequencing in the same set of fifteen SIT subjects studied by Vingerhoets et al., as well as 15 healthy controls matched for age, sex, education, and handedness ( Table 1 , Table S1 ). We focused initially on non-synonymous coding variants predicted to affect protein function, and variants which affect splice donor and acceptor sites (see Supplementary Methods). As SIT is classically described as a recessive disorder, we considered homozygous mutations and potentially compound heterozygous mutations (i.e. when at least two different mutations were present in a given gene in heterozygous form). Additionally, variants were only considered as potentially causative mutations when they had minor allele frequencies below 0.005, according to population databases (Supplementary Methods), or were novel to the current dataset. Genes recessively mutated in any of the 15 controls were excluded. According to these criteria, the number of recessively mutated, potentially causative genes per subject ranged from 5 to 15 in the fifteen SIT cases.
Each of the six Kartagener cases had one recessively mutated gene which was annotated 'Kartagener' or 'PCD' in the Clinvar database (12) , and was therefore the most likely monogenic cause for their condition ( Figure S1 ).
Gene set enrichment analysis using the Gene Ontology (GO) (14, 15) , Kyoto Encyclopedia of Genes and Genomes (KEGG) (16) , and the Human Phenotype (HP) database (17) (Supplemental Methods), with the total combined list of 54 recessively mutated genes in the six Kartagener cases, produced significant results for various cilia-related pathways, such as ciliary plasm (p = 0.00307), ciliary dyskinesia (p = 0.000121) and outer dynein arm assembly (p = 4.32E-05), as well as the HP term "situs inversus totalis" (p = 0.0101) ( Table S3 ). As expected, when the single most likely causative gene for each Kartagener subject was removed from this list, there were no longer significant enrichment terms, which further supports that the monogenic causes had been correctly identified. None of the fifteen healthy control subjects had any recessively mutated genes annotated 'Kartagener', 'PCD', 'SA' or 'SIT' in Clinvar, and the list of recessively mutated genes in the fifteen healthy controls did not produce any significant gene set enrichment terms.
Our purpose was not clinical diagnosis or confirmation of already-known Kartagener or SIT genes, and therefore we did not sequence the mutations in Kartagener patients by another technique, nor confirm phase in the compound heterozygotes. Rather, the six Kartagener patients acted as positive controls for our subsequent analysis of non-PCD SIT, by showing that our pipeline for identifying mutations from WGS data was well calibrated, and also that a shared biological pathway was detectable from as few as six subjects in gene set enrichment analysis.
However, gene set enrichment analysis of the 60 recessively mutated genes in the nine subjects with SIT but no PCD produced no significant gene sets, nor did the 42 recessively mutated genes in the subset of five left-handed subjects with non-PCD SIT (Table S3 ). There were probable monogenic recessive causes for only three of the nine non-PCD SIT subjects, which were the known Kartagener genes DNAH5 (subject SI12) and CCDC151 (subject SI16), and the known SIT/SA gene PKD1L1 (subject SI02) ( Table 1) . Subjects SI12 and SI16 may therefore have Kartagener's syndrome but were never diagnosed by a physician, perhaps due to low penetrance for PCD diagnostic criteria such as bronchitis. As regards PKD1L1, a homozygous missense mutation was previously reported in an individual with SIT and congenital heart disease (CHD) but no PCD, as well as recessive splicing mutations in two individuals with heterotaxy (8). Our subject SI02 had no diagnosis of CHD.
Six non-PCD SIT cases therefore remained 'unsolved', who did not have recessive mutations in genes known to cause human laterality disorders, as annotated in Clinvar. Among these six cases, four were left-handed, and three also had CHD (Table 1) . We constructed an extended list of known or suspected laterality genes with reference to the literature and mouse phenotypes (Methods ; Table S4 ), but none of these genes had recessive mutations in the six unsolved non-PCD SIT cases. We performed gene set enrichment analysis for the 41 recessively mutated genes specifically in the six unsolved cases, but saw no significant biological pathways; thus the biology of their non-PCD SIT could not be linked via the recessive mutations that they carried. Tables S5 and S6 show all recessively mutated genes in the unsolved cases; no clear candidates stand out in terms of their known biology (see also Supplementary Results). For the six unsolved cases we also considered a dominant model using a maximum known mutation frequency of 5.0E-5 (Supplementary Methods), and cross-referenced these with Clinvar and our extended candidate gene list (Table S4 ), but no likely causative genes emerged ( Supplementary Results, Table S7 ), nor significant pathway-level results. Finally, we also considered larger genomic rearrangements known as Copy Number Variants (CNVs), but no obvious candidate genes emerged ( Supplementary Results) .
In summary, all six Kartagener patients had probable recessive monogenic causes in known Kartagener/PCD genes, while two non-PCD SIT cases also had likely recessive causative mutations in known Kartagener genes, suggesting reduced penetrance for PCD. One non-PCD SIT case had a recessive mutation in a known non-PCD SIT/SA gene (PKD1L1). However, six of the nine non-PCD SIT cases in this study remained unsolved, with no clear candidate mutations to take forward for validation or functional analysis. A monogenic model is still possible for the majority of non-PCD SIT cases, but would have to involve genetic heterogeneity across a set of genes which are not currently linked in terms of their known biology, at least to an extent which would have been detectable in this dataset, as it was for the six Kartagener subjects (Table S3 ). We could not therefore identify a genetic-developmental mechanism that links handedness and visceral asymmetry in this study. Genetic contributions to non-PCD SIT might also involve, for example, non-coding variation, or rare combinations of multiple common variants. In utero effects such as prenatal drug exposure might also affect left-right determination (18), as could early embryonic random variation during axis formation. Future studies in larger cohorts may help to further disentangle the genetic contributions to non-PCD SIT. The mutation lists that we provide from the unsolved cases in this study (Tables S5,  S6 ) will be useful to the field in this regard. 
